Inner hair cells (IHCs) are the primary transducer for sound encoding in the cochlea. In contrast to the graded receptor potential of adult IHCs, immature hair cells fire spontaneous calcium action potentials during the first postnatal week. This spiking activity has been proposed to shape the tonotopic map along the ascending auditory pathway. Using perforated patch-clamp recordings, we show that developing IHCs fire spontaneous bursts of action potentials and that this pattern is indistinguishable along the basoapical gradient of the developing cochlea. In both apical and basal IHCs, the spiking behavior undergoes developmental changes, where the bursts of action potential tend to occur at a regular time interval and have a similar length toward the end of the first postnatal week. Although disruption of purinergic signaling does not interfere with the action potential firing pattern, pharmacological ablation of the α9α10 nicotinic receptor elicits an increase in the discharge rate. We therefore suggest that in addition to carrying place information to the ascending auditory nuclei, the IHCs firing pattern controlled by the α9α10 receptor conveys a temporal signature of the cochlear development.
Inner hair cells (IHCs) are the primary transducer for sound encoding in the cochlea. In contrast to the graded receptor potential of adult IHCs, immature hair cells fire spontaneous calcium action potentials during the first postnatal week. This spiking activity has been proposed to shape the tonotopic map along the ascending auditory pathway. Using perforated patch-clamp recordings, we show that developing IHCs fire spontaneous bursts of action potentials and that this pattern is indistinguishable along the basoapical gradient of the developing cochlea. In both apical and basal IHCs, the spiking behavior undergoes developmental changes, where the bursts of action potential tend to occur at a regular time interval and have a similar length toward the end of the first postnatal week. Although disruption of purinergic signaling does not interfere with the action potential firing pattern, pharmacological ablation of the α9α10 nicotinic receptor elicits an increase in the discharge rate. We therefore suggest that in addition to carrying place information to the ascending auditory nuclei, the IHCs firing pattern controlled by the α9α10 receptor conveys a temporal signature of the cochlear development.
auditory system | electrical activity | ATP receptor | acetylcholine receptor C ochlear inner hair cells (IHCs) transduce sound stimulation into neurotransmitter release onto the afferent auditory nerve fibers. At the onset of hearing, mammalian IHCs produce graded receptor potentials to open voltage-gated calcium channels, which in turn trigger synaptic vesicle fusion and glutamate exocytosis into the synaptic cleft (1) . In contrast, immature IHCs fire spontaneous and evoked action potentials (APs) until the onset of hearing (postnatal day 10 to postnatal day 12, P10-P12, in the mouse) (2) (3) (4) (5) . Calcium AP firing in hair cells may refine synaptic connections along the ascending auditory pathway (6) (7) (8) (9) , as a single AP triggers synaptic vesicle exocytosis, and convey information arising from hair cells to the higher auditory centers (3, 10, 11) . APs from neonatal IHCs result mainly from the interplay between the inward calcium current carried by the voltage-gated calcium channel Cav1.3 subunit, a slow delayed rectifier potassium outward current, and the small conductance Ca 2+ -activated K + current SK2 (3, (12) (13) (14) . ATP waves released by the supporting cells of the altricial Kölliker organ have been proposed to control the IHC membrane potential, thereby driving their spike rate (SR). However, the opposite effects of ATP on hair cell excitability have been reported (6) (7) (8) . In addition, cholinergic efferent input to the IHC shapes the firing activity pattern through the α9α10 receptor coupling to SK2 potassium channels (8) . Here, we used perforated patch-clamp recordings of mouse IHC to study the pattern of the spontaneous activity pattern and the underlying mechanisms.
Results
Pattern of AP Firing During the First Postnatal Week. Using the perforated patch-clamp in current-clamp mode (I inj = 0 pA), we recorded spontaneous APs of immature IHCs during a relatively long period, in most cases exceeding 30 min (mean duration, 52.3 ± 2.4 min; total number of AP, 269,138; n = 113 cells). The first minutes of recording were usually characterized by a decrease of the SR, most probably reflecting the inactivation of a fraction of the calcium current at the hair cell resting membrane potential (mean SR, 4.4 ± 1.1 Hz during the first 30 s and 0.83 ± 0.35 Hz at 3 min for apical P6-P7 IHCs, n = 9; mean SR, 3.5 ± 1.3 Hz during the first 30 s and 0.57 ± 0.23 Hz at 3 min for basal P6-P7 IHCs, n = 5). Both apical and basal IHCs displayed bursts of APs flanked by silent periods from tens of seconds up to several minutes ( Figs. 1 and 2) . In most cases, AP bursts typically started with isolated spikes, which gradually became more closely spaced. As the cell moved out of this regime of intense firing and into a more silent period, the interval between APs (interspike interval, ISI) increased for both apical and basal IHCs (Fig. 2 ). In addition, we observed a few hyperpolarization events, most likely reflecting the inhibitory inputs of acetylcholine onto the immature IHCs, for both apical and basal cells (Fig. 1D) (15) . The shape of individual APs from apical and basal IHCs underwent a developmental change, with a prominent reduction in the spike half-width at the end of the first postnatal week yielding sharper individual AP waveforms (P < 0.01; Fig. S1 ). This change may be explained by the increase of calcium and potassium currents in developing IHCs (3, 10, 16) .
During the first postnatal week, the spiking activity of apical and basal IHCs consists of periods of intense firing separated by silent segments, as shown by the instantaneous spike rate and ISI ( Fig. 2 A-F) . We observed that during the first week after birth, IHCs progressively structured their spontaneous firing pattern. The mean SR remained constant and comparable between apical and basal cells ( Fig. 2 A and D) , although a nonsignificant trend for higher spike rate in the apical IHCs at P6-P7 was observed. In contrast, the minimal ISI derived from autocorrelograms decreased from P1-P3 to P6-P7 both for apical and basal IHCs (ISI, 256.11 ± 26.08 ms and 144.54 ± 23.15 ms for apical P1-P3
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Author contributions: G.S., J.-L.P., and R.N. designed research; G.S. and R.N. performed research; J.B., F.R., J.-L.P., and R.N. contributed new reagents/analytic tools; G.S., J.B., and R.N. analyzed data; and G.S., J.B., F.R., J.-L.P., and R.N. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission. and P6-P7 IHCs, respectively, P < 0.01; ISI of 288 ± 34.66 ms and 118 ± 9.72 ms for basal P1-P3 and P6-P7 IHCs, respectively, P < 0.001; Fig. 2 B and D) . These results suggest the emergence of a prominent burst-like activity toward the end of the first postnatal week. Consistent with active episodes flanked by silent segments, the coefficients of variation (CV) calculated from the interspike interval were well above 1 immediately after birth and progressively increased through the end of the first postnatal week. Here again, the apical and basal IHCs showed a similar behavior (CV spike , 4.07 ± 0.67 and 7.27 ± 0.93 for apical P1-P3 and P6-P7 IHCs, respectively, P < 0.05; CV spike , 2.08 ± 0.4 and 4.71 ± 0.68 for basal P1-P3 and P6-P7 IHCs, respectively, P < 0.05; Fig. 2 C and F) . These results indicate that IHCs display AP firing that is organized in a burst-like mode and that this pattern is similar between basal and apical cells; that is, it occurs irrespective of their tonotopic location.
Pattern of AP Burst Activity During the First Postnatal Week. Next, we analyzed the individual AP-burst behavior of IHCs. Although the AP-burst frequency remained constant during the first postnatal week ( Fig. 3 A and E), the CV calculated from the interburst interval was close to 1 immediately after birth, consistent with a Poisson distribution. At the end of the first postnatal week, however, the CV of the interburst interval tended to drop below 1, suggesting a more regular occurrence of AP-burst during development (CV burst , 0.84 ± 0.11 and 0.62 ± 0.08 for apical P1-P3 and P6-P7 IHCs, respectively; CV burst , 1.01 ± 0.13 and 0.49 ± 0.07 for basal P1-P3 and P6-P7 IHCs, respectively; P < 0.05; Fig.  3 B and F). In addition, the distribution of burst length showed a larger heterogeneity at P1-P3, with both short and long bursts populating the immature IHCs spiking pattern. However, in the following days (P6-P7), the number of bursts of short duration decreased, whereas longer bursts of 50-ms duration prevailed ( , and K): P1-P3, n = 9; P4-P5, n = 7, and P6-P7, n = 11. Number of basal cells (H, J, and L): P1-P3, n = 5; P4-P5, n = 4; and P6-P7, n = 10. Error bars, SEM. Statistical significance was assessed by Wilcoxon test (*P < 0.05; **P < 0.01; ***P < 0.001).
The firing activity was associated with a membrane depolarization of a few millivolts (P < 0.05; Fig. 3 D-H) and remained constant during the first postnatal week (+3.49 ± 0.59 mV and +2.44 ± 0.19 mV for apical and basal P1-P3 IHCs, respectively; +3.02 ± 0.52 mV and + 2.48 ± 0.4 mV for apical and basal P6-P7 IHCs, respectively; P < 0.05). Altogether, these results highlight a progressive change in the AP-burst duration and behavior of immature IHCs from a broad and less structured pattern to a more stereotyped motif. Here again, we did not find any substantial differences in the AP-burst duration and behavior between basal and apical IHCs. Because previous studies on the IHCs spiking activity have been carried out at physiological temperature (7, 8) , we examined whether the AP-bursting behavior described earlier still occurs under more physiological conditions. At 35-37°C, we observed a sharper waveform of individual AP (AP halfwidth: 3.95 ± 0.7 ms and 5.3 ± 0.7 ms for apical and basal P6-P7 IHCs, respectively), together with a significant decrease of the mean spike rate for the apical IHCs (P < 0.05; Fig. S2 A and D) . However, both apical and basal cells fire clusters of spikes flanked by silent segments at physiological temperature (Fig. S2) . Furthermore, the CVs calculated from the interspike interval were greater than 1, which is indicative of a bursting behavior of the spiking activity in apical and basal immature IHCs at 35-37°C (CV spike , 4.2 ± 0.64 and 5.9 ± 0.67 for apical and basal P5-P7 IHCs, respectively; Fig. S2 E and H). It has been proposed that AP firing in IHCs results primarily from the ATP release of supporting cells in the developing organ of Corti (6, 8) . In accordance with its excitatory action, 100 μM ATP applied exogenously elicited a robust depolarization of the IHC membrane potential (Vm shift , 8.03 ± 1.07 mV; n = 3; Fig. 4 ), followed by a hyperpolarizing phase (Vm shift , −5.07 ± 0.76 mV; n = 3; Fig. 4 ), which may reflect the activation of the SK2 current, as previously demonstrated (8) . We noted, however, that the ATP-induced depolarization impeded AP firing, leading to a reduction of the spike rate before returning to basal activity (SR, 1.01 ± 0.21 Hz against 0.29 ± 0.08 Hz for control and 100 μM ATP, respectively; n = 3; P < 0.05). The effect of ATP on hair cell membrane excitability was blocked using 100 μM pyridoxalphosphate-6-azophenyl-2,4′-disulfonic acid (PPADS), a broad purinergic receptor antagonist (Vm shift , 0.12 ± 1.36 mV; n = 3; Fig. 4B ). However, clusters of AP trains were still observed during a 10-min bath application of 100 μM PPADS or 300 μM suramin, another nonselective purinergic receptor blocker (SR, 1.15 ± 0.3 Hz against 1.03 ± 0.24 Hz for control and PPADS, respectively, n = 10; SR, 1.06 ± 0.23 Hz against 0.91 ± 0.26 Hz for control and suramin, respectively, n = 6; Fig. 5 A-D) . Because the P2X 4 receptor seems to be insensitive to purinergic blockers (17), we probed the spiking activity in IHCs from the P2X 4 knockout (KO) mice (18) . The mean SR (control, 0.81 ± 0.1 Hz; P2X 4 KO, 0.99 ± 0.04 Hz), the CV from the interspike interval (control, 6.14 ± 0.68; P2X 4 KO, 8.86 ± 2.24), and the membrane potential (control, −60.41 ± 1.57 mV; P2X 4 KO, −60.55 ± 1.97 mV) were comparable between the genotypes, ruling out the involvement of the P2X 4 receptor in the AP firing ( Fig. 5 E and F) .
Because the regulation of hair cell activity by ATP may be temperature-sensitive (8), we performed another set of experiments at physiological temperature. Here again, the mean SR was not affected by the application of 100 μM PPADS or 300 μM suramin near body temperature (35-37°C) in apical IHCs (control, 0.26 ± 0.06 Hz and PPADS, 0.25 ± 0.07 Hz, n = 4; control, 0.1 ± 0.01 Hz and suramin, 0.12 ± 0.03 Hz, n = 3; Fig. S3 A-D) or in basal IHCs (control, 0.23 ± 0.09 Hz, and PPADS, 0.25 ± 0.13 Hz, n = 5; control, 0.31 ± 0.08 Hz, and suramin, 0.21 ± 0.06 Hz, n = 5; Fig. S3 E-H) .
AP Firing Is Sensitive to Cholinergic Innervation. The IHC spiking rate has been shown to be modulated by acetylcholine release from the efferent bundle terminals that project onto the IHCs (8, 15) . Calcium influx through α9α10 nicotinic receptors opens SK2 channels, which in turn leads to hair cell hyperpolarization (13, 15) . In agreement with a previous study (8) , bath application of 10 μM strychnine, an α9α10 cholinergic receptor antagonist (19) , elicited an intense increase in spike rate (SR, 1.19 ± 0.24 Hz, against 2.37 ± 0.31 Hz for control and strychnine, respectively; n = 8; P < 0.05; Fig. 6 A and B) together with a small depolarization of the membrane potential, which did not reach statistical significance. To confirm these results, we probed the effect of 100 μM atropine or 50 μM Tropisetron (ICS-205-930), known to block the α9α10 nicotinic receptor (19) (20) (21) . When applied in the bath perfusion, both compounds elicited a robust increase in the discharge rate in hair cells without significant change in the membrane potential (control, 0.71 ± 0.18 Hz, and atropine, 1.77 ± 0.34 Hz, n = 5; P < 0.05, Fig. 6 C and D; control, 0.93 ± 0.29 Hz, and ICS, 2.09 ± 0.26 Hz, n = 6, P < 0.05, Fig. 6 E and F) . Altogether, our results suggest that the excitability of IHCs is under the control of efferent release of acetylcholine.
Discussion
In this study, we describe the pattern of IHC excitability during the first postnatal week of development. Our results demonstrate that IHCs fire spontaneous APs in a burst-like manner independent of their position along the tonotopic axis. However, the AP train pattern is further refined during development, showing a gradual transition from a stochastic to a more stereotyped firing mode. In addition, we observed that the cholinergic efferent innervation is critical in governing the firing activity in IHCs.
Similar AP-Burst Firing in IHCs Along the Tonotopic Axis. Spontaneous activity has been proposed to strengthen synaptic connections (22) (23) (24) and shape the tonotopic map in higher auditory nuclei. Indeed, AP firing should lead to glutamate-filled synaptic vesicle exocytosis and therefore support the propagation of information along the auditory pathway (3, 10, 11) . Neighboring IHCs show synchronized firing patterns, which have been proposed to be the consequence of ATP released from the organ of Kölliker (6, 7). An alternative strategy for spatial refinement of synaptic connections may rely on IHCs having opposing firing rate patterns along the tonotopic axis. In the mammalian cochlea, it has been proposed that hair cells from the basal coil of the immature cochlea display more sustained activity (8) . However, we show that IHCs from the basal coil fire APs in a bursting-like mode, making their activity pattern indistinguishable from that of apical cells, which is consistent with rhythmic activity in the developing auditory pathway (23, (25) (26) (27) . The agreement between our measurements performed at room and physiological temperature exclude this parameter as a culprit of interstudy differences. In addition, differences between species might be excluded, as our experiments and a previous study were carried out using the same species (8) . A difference in the extracellular potassium concentration may account for the spiking behavior discrepancy, i.e. bursting-like or sustained activity. In principle, a low potassium concentration in the extracellular solution could favor quiescent or low-activity hair cells, and hence explain alternating bursts of APs with long periods of silence. ] e up to 5.8 mM, as in our study, does not elicit sustained firing.
The variability of firing pattern compared with other studies (10) could be attributed to differences in the recording technique. In our perforated patch-clamp recordings, a holding potential of −74 mV was applied on seal formation and maintained throughout the perforation process. At this negative potential, all of the calcium channels may recover from inactivation. When we switched to current-clamp with I inj = 0 pA, all of the calcium channels can therefore be engaged in the hair cell spiking activity. Such mechanism could explain the short period of highfrequency AP firing at the beginning of the recordings. Because the IHCs rapidly return to their resting potential (usually more depolarized than −74 mV), the decrease of the firing rate might therefore reflect the inactivation of a fraction of the calcium channel population, caused by the more depolarized membrane potential. Although the initial higher spiking frequency could impede the observation of the genuine firing pattern and show a bias toward a more sustained type of activity in whole-cell recordings, this might not be the case in the cell-attached mode. However, cell-attached recordings do not allow one to gain any insight into the IHC membrane potential, in contrast to perforatedpatch clamp.
Cholinergic Efferent Control of Spontaneous Bursting in IHCs. Consistent with a previous study (8) , the robust increase in AP firing frequency after the application of α9α10 nicotinic receptor inhibitors (19) (20) (21) suggests that acetylcholine release from the efferent terminals, which transiently innervate the hair cells during development, controls IHC firing and membrane potential (8, 15) . Along this line, the α9α10 nicotinic receptor expression is upregulated, and the coupling between α9α10 and SK2 potassium channels tightens up during the first postnatal week (8, 28, 29) . However, the low frequency of the inhibitory postsynaptic potentials would not be sufficient to account for the long hyperpolarization period seen in our recordings (30) . Therefore, further investigations are required to decipher whether the mechanism responsible for the IHC spiking activity is intrinsic (i.e., interplay between the hair cell conductances) or extrinsic (as has been originally proposed with ATP).
Developmental Regulation of AP-Burst Shape and Behavior. The release of ATP from the supporting cells has been proposed to be responsible for spontaneous firing (6, 7) . Although high concentrations of ATP activate purinergic-gated receptors at the apical part of the IHC to promote hair cell depolarization, low concentrations of ATP tend to hyperpolarize IHCs through the coupling of a fraction of purinergic receptors to SK2 channels (8) . In our hands, IHCs still fire spontaneous AP-bursts in the presence of broad purinergic antagonists as well as in the absence of the P2X 4 receptor, which exhibits an unusual resistance to ATP receptor blockers. The discrepancy between our result and previous studies is unlikely to arise from differences across species, as the ATP-dependence of AP firing has been observed in mouse, rat and gerbils (6, 8) . Having a slightly more hyperpolarized membrane potential compared with another study (7), we might have been unable to detect the excitatory effect of ATP, but the high scatter of the membrane potential values in our study and the small depolarization required for AP firing argues against this hypothesis (8, 16) . Because the coupling of ATP receptors to SK2 channels is temperature-dependent (8), we may have lost such interplay at room temperature. However, a dual action of ATP (first excitatory and then inhibitory) was observed in our experiments, and our recordings at body temperature do not differ from those carried out at room temperature.
Role of the AP Firing: Temporal Versus Spatial Information. Although we cannot discriminate the mechanism responsible for the AP firing pattern in IHCs, the small voltage input required to elicit APs immediately after birth (range, 2-3 mV) suggests a subtle control of IHC excitability. Therefore, the AP firing is a faithful readout of cochlear development for the ascending auditory pathway. In addition to spatial information, the AP bursting activity may carry a temporal signature of postnatal development, acting as an internal metronome that dictates maturational processes in the auditory pathway.
Material and Methods
Animals. Swiss or C57BL/6 mice were bred and handled following the animal welfare guidelines of the Institut National de la Santé et de la Recherche Médicale and approved by the Ministère Français de l'Agriculture et de la Pêche (authorization number A 3417231). Mice carrying a targeted null mutation of the P2X 4 gene have been described previously (18) . Briefly, a β-galactosidase-neomycin cassette was inserted in place of the first coding exon of the P2X 4 gene. P2X 4 −/− mice were fully backcrossed on the C57BL/6 strain (n > 20 generations).
Electrophysiology. After cervical dislocation (P1-P9), IHCs of the apical or basal coil of freshly dissected organs of Corti were patch clamped at their basolateral face at room temperature (22-25°C) or at body temperature (35-37°C) in the perforated-patch configuration, as described previously (31 (32) . All voltages were corrected for the liquid junction potential (−4.4 mV). Recordings started when the series resistance was lower than 30 MΩ. Spontaneous APs were recorded in the current clamp configuration without the injection of current (I inj = 0 pA), low-pass filtered at 5 kHz, and sampled at 25 or 40 kHz. Cells whose membrane current exceeded −50 pA at our standard holding potential of −74 mV were discarded. For the tonotopic measurement, we normalized the length of the cochlea with a value of 1 to the extreme apex and a value of 0 to the hook region. Thus, apical IHCs were located at a distance of 0.7 ± 0.02 (range, 0.52-0.84) and basal IHCs at a distance of 0.23 ± 0.02 (range, 0.07-0.41) (8, 16) . Analysis of the AP firing pattern was restricted to the first postnatal week (P1-P7), as we rarely observed spontaneous firing in IHCs during the second postnatal week, most probably because the extracellular calcium concentration used in this study (1.3 mM) lowers the mechanotransducer channel open probability (4).
Data Analysis of Ca 2+ AP. Because a high firing rate was observed in most of the cells at the beginning of the experiments, we excluded the first 300 s of recordings from the analysis. APs were detected when the voltage excursions were beyond a potential of −35 mV. An AP-burst was detected when the mean spike rate of a 30-s sliding time-window exceeded that of the entire recording. The length of a single burst of APs was measured as the interval of time between the first and last AP of the corresponding burst. The instantaneous firing rate was determined as the inverse of the ISI. The CVs of the interspike or interburst intervals were calculated by dividing the SD of the intervals by their mean. The preferred spiking patterns (minimum ISI) were studied by autocorrelograms of the entire recordings of AP firing. In contrast to the measurement of the resting membrane potential in the absence of any APs (silent period), the estimation of the resting membrane potential during the AP-burst episode can be prone to error. However, the membrane potential over an interval of 1 ms falling between two successive APs (middle of the AP ISI) can be reasonably measured, as the ISI in most cases exceeds or at least approximates the individual AP duration at all stages of development. Silent periods correspond to a time window of 10 s without any APs while when at least a single AP was fired over 10 s this was designated as a period with spiking activity. The difference in membrane potential between silent and spiking activity periods is presented as the average of the mean estimates of the individual IHCs. Data analysis was performed using Matlab (Mathworks) and Igor Pro software (WaveMetrics). Only a single IHC was recorded per mouse, so the numbers of animals used in this study is equal to the total number of IHCs measured (n = 133). Means are expressed ± SEM and were analyzed by Wilcoxon test or Student's paired t test.
